Introduction {#s1}
============

Trehalose (α-D-glucopyranosyl-α-D-glucopyranoside) is a non-reducing sugar formed from two glucose (G~1~) units joined by an α-1,1 linkage. Because trehalose can protect proteins and lipid membranes from desiccation, freezing, high temperature, and osmotic stress, the sugar has been applied to many different areas, such as the use as a preservative or stabilizer for cells, organs, food, cosmetics, and medicines [@pone.0068565-Richards1]. The sugar has also been approved as a novel food ingredient under the GRAS term in the United States and Europe [@pone.0068565-Crowe1]. Trehalose is released mainly from cleavage of the α-1,4-glucosidic linkage next to the α-1,1-linked terminal disaccharide of maltooligosyltrehalose by maltooligosyltrehalose trehalohydrolase (EC 3.2.1.141, MTHase). Trehalose can also be produced from starch by a combined enzymatic treatment using the thermophilic maltooligosyltrehalose synthase (MTSase), MTHase, and a debranching enzyme ([Figure 1](#pone-0068565-g001){ref-type="fig"}). However, both MTSase and MTHase catalyze a side hydrolysis reaction which would decrease the yield of trehalose [@pone.0068565-Kato1]--[@pone.0068565-Fang2]. The structure of MTHase from *Sulfolobus* (*S.*) *solfataricus* KM1 is organized by three major domains namely, A, C, and E and two subdomains B and D. Domain A of MTHase of *S. solfataricus* KM1 is the catalytic domain made by a (*β*/α)~8~ barrel where both subdomains B and D are protruded from this barrel [@pone.0068565-Feese1].

![Production of trehalose from maltooligosaccharide via MTSase and MTHase.\
In the first step, MTSase turns the α-1,4-linked terminal disaccharide of maltooligosaccharide into the α-1,1-linked terminal disaccharide. In the second step, MTHase cleaves the α-1,4-glucosidic linkage next to the α-1,1-linked terminal disaccharide of maltooligosyltrehalose and produces a trehalose.](pone.0068565.g001){#pone-0068565-g001}

It has been shown previously that the catalytic mechanism of MTHase from *S. solfataricus* KM1 involves in the following three carboxyl groups namely, D252, E283, and D377 [@pone.0068565-Fang2], [@pone.0068565-Feese1]. By comparing the structures of MTHase from *S. solfataricus* KM1 and several other glycosidases from family 13 of glycosyl hydrolases, it is found that the trehalose end of maltooligosyltrehaloses is most likely to bind with the +1 and +2 subsites of the enzymes which are located near the C-terminus of the catalytic barrel. While binding with subsite +1 is to provide a recognition for the trehalose moiety, the most critical region for substrate discrimination between maltooligosyltrehaloses and maltooligosaccharides is subsite +2 [@pone.0068565-Feese1]. It is known that formation of hydrogen bond is important to the mechanism of enzymatic catalysis. The substrate specificity and the rate of enzymatic reactions are directly influenced by the formation of hydrogen bonds between the enzyme and its substrate. In other MTHases, a previous structure study has demonstrated that a hydrogen bond network and some hydrophobic interactions are formed between trehalose and subsites +1 and +2 of MTHase of *Deinococcus radiodurans* (DrMTHase) [@pone.0068565-Timmins1]. In DrMTHase, H332 can recognize the α-1,1-glycosidic linkage of the trehalose molecule by forming hydrogen bonds with the O6 atoms on both sugar rings. While both H332 and E376 are forming hydrogen bonds with the ring at subsite +2, N404 is forming hydrogen bonds with the ring in subsite +1 [@pone.0068565-Timmins1]. The ring in subsite +2 is also being stabilized by D328, D329, R380, and Y349 via contacts with the water molecules [@pone.0068565-Timmins1]. This study [@pone.0068565-Timmins1] then reveals that trehalose only occupying subsites +1 and +2 of the DrMTHase structure. There may be some other interactions between the substrate and other subsites of MTHase which could be assessed only when the structures of both MTHase-maltooligosyltrehalose and MTHase-maltooligosaccharide complexes will be solved.

The MTHase from *S. solfataricus* ATCC 35092, also known as P2, has been purified and characterized [@pone.0068565-Fang3]. The deduced amino acid sequence of MTHase from *S. solfataricus* ATCC 35092 possesses a sequence identity of 79.9% to the enzyme from *S. solfataricus* KM1 [@pone.0068565-Fang3]. In addition, the pocket of active site of MTHase from *S. solfataricus* KM1 [@pone.0068565-Feese1] are formed by several conserved residues which are similar to that found in MTHase from *S. solfataricus* ATCC 35092 [@pone.0068565-Fang3], suggesting that these two proteins may interact with the same ligand. Recently, we had conducted a series of mutational analyses on the active site of MTHase of *S. solfataricus* ATCC 35092 and found that residues D255, E286, and D380 (equal to D252, E283 and D377 in MTHase of *S. solfataricus* KM1) may be the essential catalytic residues of MTHase ([Figure 2](#pone-0068565-g002){ref-type="fig"}), while residues W218, A259, Y328, F355, and R356 (equal to W215, A256, Y325, F352, and R353 in MTHase of *S. solfataricus* KM1) may be the selectivity-related residues of the enzyme. We had also found that the selectivity ratios of MTHase could be increased by the following mutations A259S, Y328F, F355Y, and R356K while decreased by the mutations W218F and W218A [@pone.0068565-Fang2]. The selectivity ratios were defined as the ratios of the catalytic efficiencies for formation of glucose to those for formation of trehalose during the hydrolysis of maltooligosaccharides and maltooligosyltrehaloses by the enzyme, respectively.

![Production of trehalose from ligand G~3~T by MTHase.\
Ligand G~3~T is a maltooligosyltrehalose consisting of five glucoses. The first four glucoses are α-1,4-linked while the terminal two ones are α-1,1-linked. The glucoses of G~3~T are numbered from G5 to T1. The catalytic triad residues identified in MTHase are D255, E286 and E380, respectively. The protein subsites are numbered from +3 to −2. The bond between T2 and G3 is cleaved during the hydrolysis reaction.](pone.0068565.g002){#pone-0068565-g002}

The structural and energetic details of interactions between biomolecules especially the contribution from different energetic terms such as electrostatic, van der Waals, as well as solvation energy to the binding can be evaluated through the theoretical computation [@pone.0068565-Swanson1]. The solvation energy is usually computed either from the Molecular Mechanics generated Poisson Boltzmann Surface Area (MM-PBSA) or Generalized Born Surface Area (MM-GBSA) [@pone.0068565-Kollman1]--[@pone.0068565-Onufriev1]. While the electrostatic contribution to the solvation term of the former is computed through solving the Poisson-Boltzmann equation, that of the latter is computed from solving the Generalized Born (GB) equation. Both methods have been implemented in some molecular dynamics (MD) simulation packages for studying the interaction between biomolecular complexes using the explicit solvent models [@pone.0068565-Swanson1], [@pone.0068565-Li1]--[@pone.0068565-Thorsteinsdottir1]. The information on contribution from each individual residue or atom to the overall binding free energy of a wild type protein complex can also be obtained through free energy decomposition. Using the computational alanine scanning, the difference in binding free energy between a wild type protein complex and an Ala-mutated protein one can also be computed. For examples, both the solvation contribution to binding modes at the atomic level and the protein stabilities have been evaluated using the free energy decomposition with either the MM-GBSA [@pone.0068565-Li1], [@pone.0068565-Gohlke1]--[@pone.0068565-Zoete2] or MM-PBSA method [@pone.0068565-Li1], [@pone.0068565-Thorsteinsdottir1], [@pone.0068565-Zoete2]--[@pone.0068565-Zoete3]. Here, the same theoretical computation methods are employed to investigate the mechanism of hydrolysis of maltooligosyltrehalose (designated as G~3~T hereafter) by MTHase. The trehalose is released from cleavage by MTHase at the α-1,4-glucosidic linkage next to the α-1,1-linked terminal disaccharide of maltooligosyltrehalose. The site-directed mutagenesis was also performed on the same residues studied by the theoretical methods. The difference in binding free energy between each of the wild-type and mutated residue determined experimentally was compared with those computed theoretically. An *ab initio* quantum chemical calculation using the static structural model built was also conducted to validate the theoretically constructed structure of the enzyme-ligand complex.

Methods {#s2}
=======

Materials of Mutagenesis {#s2a}
------------------------

*E. coli* BL21-CodonPlus (DE3)-RIL was purchased from Stratagene (La Jolla, CA). Maltopentaose (G~5~), 3,5-dinitro salicyclic acid (DNS), ampicillin, chloramphenicol, streptomycin sulfate, and bovine serum albumin (BSA) were supplied by Sigma (St. Louis, MO). Q-Sepharose and protein low-molecular-weight standards were purchased from Amersham Pharmacia Biotech (Piscataway, NJ). Maltotriosyltrehalose (G~3~T) was prepared from G~5~ as previously described [@pone.0068565-Fang3].

Site-directed mutagenesis {#s2b}
-------------------------

The MTHase gene in the previously constructed vector pET-15b-ΔH-*treZ* [@pone.0068565-Fang3] was mutated by polymerase chain reaction (PCR) according to a megaprimed and ligase-free PCR-based site-directed mutagenesis method [@pone.0068565-Tseng1]. The designed mutations were included in the mutagenic primers which have 27 to 41 bases individually.

Production and purification of MTHase {#s2c}
-------------------------------------

Wild type and mutant (Y155A, Y155F, D156A, H195A, R447A, and E450A) MTHases were produced by culturing the vector pET-15b-ΔH-*treZ* transformed *E. coli* BL21-CodonPlus (DE3)-RIL strain at 37°C in a terrific broth supplemented with 100 ug/mL ampicillin plus 34 ug/mL chloramphenicol as previously described [@pone.0068565-Fang3]. The cell free extracts containing wild type and mutant MTHases were prepared by using a French Press, centrifugation, and then heat treatment in a 80°C water bath for 1 h to remove the heat-labile proteins. The unwanted nucleic acids were removed through precipitation using 1% (w/v) streptomycin sulfate added as described previously [@pone.0068565-Fang3]. Both the wild type and mutant MTHases were then purified using a Q-Sepharose anion exchange column (1.6×10 cm) pre-equilibrated in a 20 mM Tris-HCl buffer (pH 8.5). After loading the sample, the column was completely washed with the same buffer until the absorbance at 260 nm dropping to the baseline. Finally, a linear gradient of 0 -- 2 M NaCl in the aforementioned buffer was used to elute the bound proteins. The eluted fractions with detectable enzymatic activity were pooled together and then dialyzed against the same buffer. The protein concentration was determined by the Bradford method [@pone.0068565-Bradford1] using BSA as the standards.

Enzyme kinetics {#s2d}
---------------

The initial rates for hydrolysis of G~3~T were determined from using 8 to 10 substrates with concentrations ranging from 2 to 50 mM in a 50 mM citrate-phosphate buffer at pH 5 and 60°C as described previously [@pone.0068565-Fang3]. The values of *k* ~cat~, *K* ~M~ and *k* ~cat~/*K* ~M~ were calculated by fitting the initial rates as a function of substrate concentration to the Michaelis-Menten equation using the Enzfitter software (Elsevier-Biosoft). The standard errors of these parameters were obtained from the fitting results. The change in transition state binding free energy ΔΔG for hydrolysis of the ligand by the mutant enzymes was used to estimate the binding strength of the ligand in the transition state complex and was calculated through the equation ΔΔG  =  −*RT*ln\[(*k* ~cat~/*K* ~M~)~mut~/(*k* ~cat~/*K* ~M~)~wt~\], where the subscripts mut and wt were used to denote the mutant and wild type enzyme, respectively [@pone.0068565-Wilkinson1].

Set up the system for theoretical computation {#s2e}
---------------------------------------------

The structure of MTHase of *S. solfataricus* KM1 determined with 3.00 Å resolution by X-ray crystallography (PDB code 1EH9) is a dimer composed by two chains A and B [@pone.0068565-Feese1]. Each of these two chains containing 558 residues and is linked by a disulfide bridge between the two Cys298 residues of 1EH9. Both of these two chains were included in the MD simulation to keep the protein structure stable. The AMBER 11 suite of programs [@pone.0068565-Pearlman1]--[@pone.0068565-Case2] were used to conduct all the MD simulations. Because 1EH9 is an apo enzyme where a ligand in its active site is lacking, we utilized the molecular docking program GOLD [@pone.0068565-Jones1], [@pone.0068565-Jones2] to dock the theoretically generated G~3~T structure into its active site to obtain the initial ligand conformation. The information of active site residues was obtained from previous studies of MTHase [@pone.0068565-Fang2], [@pone.0068565-Feese1] and catalytic mechanisms of some other similar glycosylases [@pone.0068565-Manuel1]. However, the protonation states of other residues were defined using the two web available methods H++ [@pone.0068565-Anandakrishnan1] and PROPKA [@pone.0068565-Olsson1]. Previous crystal structure and mutagenesis studies had demonstrated that D255, E286, and D380 of MTHase of *S. solfataricus* ATCC 35092 were the essential catalytic residues of the catalytic triad, and Y328, F355, and R356 were the residues of subsite +2 of the active site [@pone.0068565-Fang2], [@pone.0068565-Feese1]. These information helped us to dock G~3~T into the active site in an appropriate way.

The force fields ff99SB [@pone.0068565-Hornak1] and GLYCAM06g [@pone.0068565-Kirschner1] were employed during the MD simulations as the parameters for protein and ligand G~3~T, respectively. The protein-ligand complex was hydrated in a box of explicit TIP3P water molecules [@pone.0068565-Jorgensen1], [@pone.0068565-Jorgensen2] of a dimension of 10Å from the protein margin. The total water molecules used were 36285 and there were also 38 Na^+^ and 12 Cl^−^ ions included to neutralize the system. The system was first minimized by 1000 steps of conjugate gradient to remove bad atomic contacts within the protein and ligand structures. A non-bonded cutoff distance of 12 Å was applied throughout the MD simulation runs. The system was then gradually heated from 0 to 300 K in 500 ps by restraining all the Cα atoms of the protein with a restraining force of 10 kcal/mol/Å^2^. A subsequent 500 ps simulation run was performed at a constant temperature of 300 K to achieve a constant pressure of 1 atm. Thereafter, the restraints of Cα atoms of the protein were removed and the system was equilibrated for an additional 3 ns period. After the equilibration phase of the system had been completed, the system was run further for 20 ns of the production period using the PMEMD module of AMBER 11 and the trajectory of the last 10 ns of MD simulation was analyzed respectively using the PTRAJ module of AMBER 11 and AMBER Tools 1.5 [@pone.0068565-Case2]. The time step of MD simulation was set as 2 fs and the periodic boundary condition was applied to all the dimensions of the simulation box. The Particle Mesh Ewald (PME) method [@pone.0068565-Darden1] was used to compute the energy of long-range electrostatic interactions and the SHAKE method [@pone.0068565-Miyamoto1] was used to constrain all the covalent bonds involving the hydrogen atoms.

GBSA and PBSA {#s2f}
-------------

The MM-PBSA and MM-GBSA methods [@pone.0068565-Kollman1]--[@pone.0068565-Onufriev1] were employed to compute the solvation energy term of the binding free energy of the protein-ligand complex. There were about 1000 snapshots taken with an interval of 10 ps from the last 10 ns of the MD trajectory for analyzing the binding free energy. The binding free energy is given as follows:where G~solvation~ is the solvation free energy of the molecule and E~gas~ is the gas phase molecular mechanical energy of the solute obtained by summing the internal ( E~int~), electrostatic (E~ele~), and van der Waals ( E~vdw~) interaction energies. TS~solute~ is the entropy term summed from TS~trans~, TS~rot~, and TS~vib~ which are the translational, rotational, and vibrational entropy contributions, respectively. The entropy term of TS~vib~ is determined using the NMODE module of AMBER 11 via the normal mode analysis involving the calculation and diagonalization of a mass-weighted second derivative matrix. The solvation free energy G~solvation~ is calculated by a GB/SA model where the energy is divided into an electrostatic (G~gb~) and a non-polar (G~np~) component. The MM-GBSA method is briefly summarized as follows:where G~gb~ is the electrostatic contribution to the solvation free energy and is computed from the continuum generalized Born solvent model and G~np~ is the non-polar solvation term computed from the solvent accessible surface area (SASA) using the Linear Combination of Pairwise Overlaps (LCPO) method implemented in the AMBER 11 package [@pone.0068565-Li1], [@pone.0068565-Gohlke1]--[@pone.0068565-Zoete2]. For the MM-PBSA method, the polar solvation term G~gb~ is replaced by G~pb~ [@pone.0068565-Li1], [@pone.0068565-Thorsteinsdottir1], [@pone.0068565-Zoete2]--[@pone.0068565-Chong1]. The G~solvation~ is calculated with a PB/SA model which is summed from the electrostatic (G~pb~) and non-polar component (G~np~). The binding free energy G~bind~ of the MTHase is then given as:Where G~complex~, G~protein~, and G~ligand~ stand for the free energies computed for the complex, protein, and ligand, respectively. The binding free energy can be computed using either the separate trajectory (three different trajectories of the complex, protein, and ligand, respectively) or from single trajectory protocol (a trajectory of the complex). In this work, we used the single trajectory protocol to evaluate the free energy differences of many mutations [@pone.0068565-Wang1], [@pone.0068565-Thorsteinsdottir1]. As has been demonstrated by Massova and Kollman [@pone.0068565-Massova1], the entropic contribution to the relative difference in binding free energy computed between the wild type and a mutant protein with only one mutated residue could be minor. The major thermodynamic factor could be driven from the enthalpy of interaction between the protein and ligand [@pone.0068565-Massova1]. Therefore, the entropic contribution to the relative difference in binding free energy computed was not considered here.

Alanine scanning {#s2g}
----------------

To evaluate the importance of active site residues, we applied the alanine scanning method to estimate the relative binding affinity of different mutants to ligand G~3~T. The alanine mutant structures were generated by altering the side chains of the wild-type residues. This mutation method involves removing all side chain atoms except atom C~β~ [@pone.0068565-Massova1] and the parameters for mutated residues were replaced by the alanine residue. We used the same 1000 snapshots taken from the last 10 ns of the MD trajectory with a time interval of 10 ps for performing the alanine scanning. The residues in subsites −1 to −3 of the active site of MTHase namely, Y155, D156, H195, W218, R447, and E450 were chosen for performing the alanine scanning.

*Ab Initio* Quantum Chemical Calculation with the Truncated Model System {#s2h}
------------------------------------------------------------------------

Both the binding structure of G~3~T with MTHase and the mechanism of hydrolysis on ligand by the enzyme were investigated using the *ab initio* quantum chemical calculation through the Gaussian09 package. The truncated model used for quantum chemical calculation was constructed using the structures generated from the MD simulations by the AMBER package. The key MTHase residues in subsites +1 to −1 and the ligand were retained and extracted from the final structures of MD simulation. To construct the truncated model system, the structures of key residues were curtailed at the alpha carbon atom. Both the carbon and nitrogen atoms at the truncating boundary were replaced by hydrogen ones. The total number of atoms of the truncated system was 142. The positions of terminated carbon atoms were also fixed during the geometry optimization by assuming that these atoms were moving insignificantly during the reaction. The geometry optimization was performed using the restricted Hartree-Fock (HF) method with the 3--21G basis set. The 6−31G basis set was used for the refinement of energy and geometry estimated on each stationary point. The self-consistent reaction field calculation was performed to account the influence of surrounding on the protein and environment inside the protein. The PCM model was employed to evaluate the solvation energy of the active site of the protein.

Results {#s3}
=======

Purification and thermostability of wild-type and mutant MTHases {#s3a}
----------------------------------------------------------------

The purities of wild type and mutant MTHases prepared were good as shown by the SDS-PAGE analysis ([Figure 3](#pone-0068565-g003){ref-type="fig"}). In fact, the purities of all the purified wild type and mutant MTHases estimated using GelAnalyzer 2010 [@pone.0068565-GelAnalyzer1] were greater than 97%. The residual activities of purified wild type and mutant MTHases measured were 87.4 ± 0.3 (wild type), 91.8±2.4 (Y155A), 111.7±0.4 (Y155F), 110.4±0.8 (D156A), 84.6±0.9 (H195A), 100.1±2.2 (R447A), and 104.9±1.4 (E450A) %, respectively, when they were all incubated at 80°C for two hours. This implied that the mutant enzymes were as thermostable as the wild type one.

![SDS-polyacrylamide gel electrophoresis of the purified wild type and mutant MTHases.\
The purified wild type and mutant MTHases were analyzed by a 12% minigel and stained with Coomassic Brilliant Blue R-250. Lane M: the molecular weight standards; lanes 1−7: 2.2 µg of wild-type, Y155A, Y155F, D156A, H195A, R447A, and E450A MTHases, respectively.](pone.0068565.g003){#pone-0068565-g003}

Enzyme kinetics {#s3b}
---------------

The kinetic parameters (*k* ~cat~ and *K* ~M~) for the hydrolysis of G~3~T at 60°C and pH 5 were shown in [Table 1](#pone-0068565-t001){ref-type="table"}. The activities of Y155A, Y155F and H195A MTHases were low as compared with those of the wild type one ([Table 1](#pone-0068565-t001){ref-type="table"} and [Figure 4](#pone-0068565-g004){ref-type="fig"}). The catalytic efficiency can be conveniently determined as the reciprocal of the slope of a Lineweaver-Burk plot shown in [Figure 4](#pone-0068565-g004){ref-type="fig"}. As shown in [Table 1](#pone-0068565-t001){ref-type="table"}, much lower *k* ~cat~ and higher *K* ~M~ values were determined for the Y155A MTHase, while much lower *k* ~cat~ and similar *K* ~M~ values than that of wild type one were determined for the Y155F MTHase. As a result, the catalytic efficiencies of Y155A, Y155F, and H195A MTHases estimated were 0.63, 3.04, and 0.28% of that of wild type MTHase, respectively ([Table 1](#pone-0068565-t001){ref-type="table"} and [Figure 4](#pone-0068565-g004){ref-type="fig"}). Though not being as severely impaired as those of the Y155A, Y155F, and H195A mutant enzymes, the catalytic efficiencies determined for R447A, D156A, and E450A mutant enzymes were respectively 15, 26, and 79% of that of the wild type one ([Table 1](#pone-0068565-t001){ref-type="table"} and [Figure 4](#pone-0068565-g004){ref-type="fig"}). The difference in binding strength of an enzyme-substrate complex in the transition state between the wild type and mutant MTHases was also estimated to examine whether a mutation would change the binding between the enzyme and substrate or not. Some earlier studies have shown that the change in transition state energy ΔΔG associated with the loss of a hydrogen bond between the uncharged groups of substrate and enzyme is about 0.5 to 1.5 kcal/mol, while that for loss of a hydrogen bond between an uncharged group of substrate and a charged group of enzyme is from 3.5 to 4.5 kcal/mol [@pone.0068565-Fang2], [@pone.0068565-Darden1]. Here, the ΔΔG values determined for the hydrolysis of G~3~T by H195A, Y155A, and Y155F mutant MTHases were 3.87, 3.35, and 2.31 kcal/mol, respectively ([Table 1](#pone-0068565-t001){ref-type="table"}). These suggested that residues H195 and Y155 of subsites −3 and −2 ([Figure 5](#pone-0068565-g005){ref-type="fig"}) of the enzyme may interact significantly with the ligand during the hydrolysis process.

![The Lineweaver-Burk plots generated for both wild type and mutant MTHases.\
In panel (a), the Lineweaver-Burk plots for the wild type and Y155A, Y155F, and H195A mutant MTHases were plotted. In panel (b), the Lineweaver-Burk plots for the wild type, D156A, R447A, and E450A mutant MTHases were plotted.](pone.0068565.g004){#pone-0068565-g004}

![The active site residues of MTHase and ligand G~3~T.\
Ligand G~3~T is shown in stick while MTHase is shown in light blue ribbon. The key MTHase residues are also shown in stick. Oxygen atoms are colored in red, nitrogen atoms are colored in blue, and carbon atoms are colored in grey. The residues of catalytic triad are highlighted with yellow circles. The subsites of NTHase are numbered from +2 to −3.](pone.0068565.g005){#pone-0068565-g005}

10.1371/journal.pone.0068565.t001

###### The kinetic parameters measured for the generation° of trehalose from hydrolysis of G~3~T by both wild-type and mutant MTHases at 60°C in a 50 mM citrate-phosphate buffer at pH 5.

![](pone.0068565.t001){#pone-0068565-t001-1}

  MTHase form              *k* ~cat~ (s^−1^)              *K* ~M~ (mM)   *k* ~cat~/*K* ~M~(s^−1^ mM^−1^)   ΔΔG[b](#nt102){ref-type="table-fn"} (kcal/mol)
  ------------- ---------------------------------------- -------------- --------------------------------- ------------------------------------------------
  Wild-type      947±40[a](#nt101){ref-type="table-fn"}    5.22±0.59                 182±14               
  Y155A                         44.8±1.7                    39.2±2.8                1.14±0.04                                   3.35
  Y155F                         27.8±0.7                   5.02±0.34                5.54±0.25                                   2.31
  D156A                          608±62                     12.9±2.3                47.3±3.7                                   0.890
  H195A                        2.15±0.05                   4.18±0.31               0.510±0.03                                   3.87
  R447A                          303±16                     10.7±1.3                28.2±2.0                                    1.23
  E450A                         1070±50                    7.48±0.70                  144±8                                    0.160

Standard error.

Change of the transition state energy: ΔΔG =  −*RT*ln\[(*k* ~cat~/*K* ~M~)~mut~/(*k* ~cat~/*K* ~M~)~wt~\] [@pone.0068565-Wilkinson1].

Computational analysis with MD simulation {#s3c}
-----------------------------------------

As shown in [Figure 2](#pone-0068565-g002){ref-type="fig"}, the distance between atom C1 of ring G3 and a carboxylic oxygen atom of D255 and that between the connecting atom O4 of ring T2 and G3 of G~3~T and a hydrogen atom from the carboxylic group of E286 were both fixed at 3.5 Å during the docking process. The docked conformation of ligand G~3~T was such that rings T1, T2, G3, G4, and G5 of G~3~T were fitted respectively into the subsites +2, +1, −1, −2, and −3 of 1EH9 as shown in [Figure 5](#pone-0068565-g005){ref-type="fig"}. Note that most of the important residues studied here namely, Y155, D156, H195, R447, and E450 were located in subsites −2 and −3, respectively ([Figure 5](#pone-0068565-g005){ref-type="fig"}). The quality of MD simulation or the stability of MD trajectories generated during 23 ns of MD simulation on the protein-ligand complex was monitored by computing the root-mean-square deviations (RMSDs) of the coordinates of protein backbone atoms from those of the original X-ray determined structure. As shown in [Figure 6](#pone-0068565-g006){ref-type="fig"}, a rise in RMSD value at the beginning of simulation was observed and from then on the value was fluctuated around 1.3 Å, indicating that the structure stability during the MD simulation was maintained. As also shown in [Figure 6](#pone-0068565-g006){ref-type="fig"}, the RMSD of substrate was also stably maintained during the MD simulation. There were 1000 snapshots taken from the last 10 ns of simulation for performing the free energy computation, alanine scanning analysis, and HB analysis for the wild-type MTHase.

![The root-mean-square deviations (RMSDs) of MTHase backbone atoms (blue curve) and all the G~3~T (substrate) atoms (red curve) computed during the MD simulation.](pone.0068565.g006){#pone-0068565-g006}

Binding free energy analyses of wild-type and mutant MTHases {#s3d}
------------------------------------------------------------

To theoretically explore the role of some suspected active residues of subsites −2 and −3 of MTHase ([Figure 5](#pone-0068565-g005){ref-type="fig"}), we performed the HB analysis and computed the binding free energy for the wild-type protein using the PTRAJ module of Amber 11 and Amber Tool 1.5. The role of these residues was also studied using the alanine scanning technique namely, each of them was theoretically mutated to alanine and then the corresponding change in binding free energy with G~3~T was computed. The difference in binding free energy between the wild type and mutant residues was computed as ΔΔG  =  ΔG~wild-type~ −ΔG~mutant~. A positive value of this ΔΔG computed implies that contribution of the residue to the binding with ligand is favorable while a negative one computed means that it is unfavorable. As mentioned in a previous section, the interactions were driven dominantly by enthalpy so that all the entropic contributions were neglected in the computation.

Y155 {#s3e}
----

The binding free energy for Y155 with G~3~T computed was −3.84 kcal/mol ([Figure 7](#pone-0068565-g007){ref-type="fig"}). This was contributed mainly from the van der Waals (vdw) interaction with G~3~T as a corresponding energy of −3.37 kcal/mol was computed ([Figure 7](#pone-0068565-g007){ref-type="fig"}). However, the electrostatic interaction for the residue with G~3~T was rather weak since both a smaller energy of −0.27 kcal/mol ([Figure 7](#pone-0068565-g007){ref-type="fig"}) and a smaller occupied time (or %occupied, defined as the snapshots of HB forming/total snapshots [@pone.0068565-Fersht1]) of less than 5% from the HB analysis were obtained for the residue. The difference in binding free energy ΔΔG~subtotal,GB~ and ΔΔG~subtotal,PB~ for mutant Y155A computed from the alanine scanning using both the GB and PB solvation models were 4.37 and 3.48 kcal/mol, respectively ([Table 2](#pone-0068565-t002){ref-type="table"}). The larger the values of ΔΔG~subtotal,GB~ or ΔΔG~subtotal,PB~ computed implying that the stronger the tendency of this residue to interact with the ligand. As shown in [Table 1](#pone-0068565-t001){ref-type="table"}, the experimentally measured ΔΔG from the purified enzyme ([Figure 3](#pone-0068565-g003){ref-type="fig"}) and Michaelis-Menten kinetic parameters ([Table 1](#pone-0068565-t001){ref-type="table"} and [Figure 4](#pone-0068565-g004){ref-type="fig"}) was 3.35 kcal/mol. Therefore, both theoretically and experimentally estimated ΔΔG were agreed with each other that Y155 of subsite -2 ([Figure 5](#pone-0068565-g005){ref-type="fig"}) might play an important role in interacting with G~3~T.

![Free energy decomposition of wild type MTHase computed with the MM-GBSA method.](pone.0068565.g007){#pone-0068565-g007}

10.1371/journal.pone.0068565.t002

###### The free energy differences computed from the computational alanine scanning for the MTHase mutants.

![](pone.0068565.t002){#pone-0068565-t002-2}

  Substrate G~3~T                 W.T.    Y155A   D156A   H195A   R447A   E450A   W218A (ref 5)
  ------------------------------ ------- ------- ------- ------- ------- ------- ---------------
  Δ**G (kcal/mol) (GB)**          −57.4   −53.0   −57.2   −53.1   −46.2   −57.1       −49.1
  Δ**G (kcal/mol) (PB)**          −36.7   −33.2   −39.1   −32.1   −22.2   −36.1       −32.9
  Δ**(**Δ**G)(kcal/mol) (GB)**      0     4.37    0.170   4.32    9.75    0.330       8.30
  Δ**(**Δ**G)(kcal/mol) (PB)**      0     3.48    −2.39   4.65    15.0    0.630       3.81

D156 {#s3f}
----

The binding free energy computed for D156 was 0.045 kcal/mol while those computed for both vdw and electrostatic terms were −0.26 and −0.68 kcal/mol, respectively ([Figure 7](#pone-0068565-g007){ref-type="fig"}). This may indicate that D156 was not playing a major role in interacting with G~3~T since a occupied time of smaller than 5% was also estimated from the HB analysis for the residue. This was further evidenced by ΔΔG~subtotal,GB~ and ΔΔG~subtotal,PB~ computed from the alaning scanning for mutant D156A where the corresponding values obtained for both parameters were 0.17 and −2.39 kcal/mol, respectively ([Table 2](#pone-0068565-t002){ref-type="table"}).

H195 {#s3g}
----

Except a occupied time of 75.7% estimated, the binding free energy computed for the residue was −1.87 kcal/mol ([Figure 7](#pone-0068565-g007){ref-type="fig"}) which was apparently contributed from the electrostatic interaction with G~3~T. This residue may also play a major role in interacting with G~3~T since the corresponding ΔΔG~subtotal,GB~ and ΔΔG~subtotal,PB~ computed from the alanine scanning for the residue were 4.32 and 4.65 kcal/mol, respectively ([Table 2](#pone-0068565-t002){ref-type="table"}). These also agreed with that obtained experimentally from the mutagenesis studies ([Table 1](#pone-0068565-t001){ref-type="table"}).

R447 {#s3h}
----

This was the residue where the experimentally determined and theoretically computed results were least agreed with each other. While both binding free energy (−4.09 kcal/mol, [Figure 7](#pone-0068565-g007){ref-type="fig"}) and occupied time (75.7%) computed were favoring the interaction with G~3~T, both ΔΔG~subtotal,GB~ and ΔΔG~subtotal,PB~ computed for the residue were huge and were 9.75 and 15.00 kcal/mol, respectively ([Table 2](#pone-0068565-t002){ref-type="table"}). As shown in [Figure 7](#pone-0068565-g007){ref-type="fig"}, both the electrostaic and solvation energies computed for this residue were also exceptionally high. These were the causative reasons why the theoretical results computed for the residue were not agreed with those determined experimentally. It was still unclear why the solvation energies computed by both GB and PB models for the residue were extraordinarily high. However, the experimentally determined ΔΔG did show that the strength of interaction of this residue with G~3~T should come after those of H195, Y155, and W218 ([Table 2](#pone-0068565-t002){ref-type="table"}).

E450 {#s3i}
----

The binding free energy computed for the residue with G~3~T was only −0.24 kcal/mol ([Figure 7](#pone-0068565-g007){ref-type="fig"}) which was in parallel with the fact that a smaller occupied time of less than 5% was computed for the residue. Both ΔΔG~subtotal,GB~ and ΔΔG~subtotal,PB~ computed for the residue were 0.33 and 0.63 kcal/mol, respectively ([Table 2](#pone-0068565-t002){ref-type="table"}). These results indicated that the residue was not playing a major role in interacting with G~3~T.

W218 {#s3j}
----

The binding free energy computed for this residue was −5.47 kcal/mol ([Figure 7](#pone-0068565-g007){ref-type="fig"}) which was contributed predominantly from that of the vdw interaction (−4.21 kcal/mol, [Figure 7](#pone-0068565-g007){ref-type="fig"}) with the ligand. Except this, the other type of interactions were not so significant as also reflected in a smaller occupied time of less than 5% computed for the residue. However, both ΔΔG~subtotal,GB~ and ΔΔG~subtotal,PB~ computed for the residue were 8.30 and 3.81 kcal/mol, respectively ([Table 2](#pone-0068565-t002){ref-type="table"}), which were in fair agreement with that determined from a previous experimental work ([Table 2](#pone-0068565-t002){ref-type="table"} and [@pone.0068565-Fang2]). This would indicate that the residue may also play a major role in interacting with G~3~T.

*Ab Initio* Quantum Chemical Calculation with the Truncated Model System {#s3k}
------------------------------------------------------------------------

The *ab initio* quantum chemical calculation using the Gaussian09 package is yet an another computational technique that can be used to validate the MTHase-G~3~T model constructed. The computed activation energy and also the hydrolysis products generated would be similar or close to those determined experimentally If the model was correctly constructed. To proceed with Gaussian09 calculation, a truncated model system using optimized geometries with the 3--21G basis set and Hartree-Fock method was built. To refine the geometry and also compute the energy on each stationary point, the HF/6--31G basis set was used. The frequency calculation was used to confirm the energy minima and saddle points searched and only one imaginary vibration mode was allowed for identifying the transition state. The transition state structure identified was further confirmed by the intrinsic reaction coordinate (IRC) calculation. The solvation effect for the presence of water on the system was studied using the PCM model implemented in the package. In general, the hydrolysis reaction catalyzed by MTHase involving D255 acting as a base and E286 acting as an acid. Moreover, as detailed in [Figure 8](#pone-0068565-g008){ref-type="fig"}, the reaction was triggered by a proton transfer from the acid (H1 of E286) to the leaving group (O2 of the ligand) and then a nucleophilic attack on atom C1 of the ligand assisted by the base (O1 of D255) was followed. The energy profile of the reaction computed has revealed that there were two minima and one transition state existing in the reaction path ([Figure 9](#pone-0068565-g009){ref-type="fig"}). In the first minimum (Reactant), oxygen atom O1 of D255 was moving closer to the carbon atom C1 of the ligand. This first minimum found was characterized by a structure where the O1-C1, C1-O2 and O2-H1 distances determined were 4.86, 1.46 and 1.70 Å, respectively ([Figure 8](#pone-0068565-g008){ref-type="fig"}). The highest point of the energy profile ([Figure 9](#pone-0068565-g009){ref-type="fig"}) computed was identified as the transition state (TS) of the reaction and was characterized by a tetrahedral structure where the distances determined for O1-C1, C1-O2 and O2-H1 were 2.28, 2.32 and 1.03 Å, respectively ([Figure 8](#pone-0068565-g008){ref-type="fig"}). In the second minimum (Product), O1 of D255 was binding with C1 while C1 was departing from O2 of the ligand. The O1-C1, C1-O2 and O2-H1 distances determined for the structure of second minimum (Product) were 1.47, 3.32 and 0.98 Å, respectively ([Figure 8](#pone-0068565-g008){ref-type="fig"}). The hydrolysis reaction in the absence of enzyme was also investigated for comparing with that obtained from the truncated QM model. As shown in [Figure 10](#pone-0068565-g010){ref-type="fig"}, atom O1 of water molecule was approaching atom C1 of ligand causing the breaking of bond C1-O2 presumably through a nucleophilic attack. The corresponding energy profile of the reaction computed has revealed that there were two minima and one TS existing in the reaction path ([Figure 9](#pone-0068565-g009){ref-type="fig"}). The first minimum (Reactant) corresponded to the fact that atom O1 of water molecule was moving toward atom C1 of the ligand. In this minimum, the O1-C1 and C1-O2 distances determined were 3.10 and 1.41 Å, respectively ([Figure 10](#pone-0068565-g010){ref-type="fig"}). The highest point in the energy profile ([Figure 9](#pone-0068565-g009){ref-type="fig"}) was identified as the TS and the corresponding distances determined for bonds O1-C1 and C1-O2 were 1.74 and 2.58 Å, respectively ([Figure 10](#pone-0068565-g010){ref-type="fig"}). However, in the second minimum (Product), atom O1 of water molecule was binding with atom C1 and the corresponding O1-C1 and C1-O2 distances determined were 1.55 and 2.76 Å, respectively ([Figure 10](#pone-0068565-g010){ref-type="fig"}).

![The transition state structure constructed using a truncated model system obtained from the optimized geometries with the 3-21G basis set and Hartree-Fock method.\
Atoms O1, C1, and O2 represent respectively the oxygen atom of D255 and the carbon and oxygen atom of ligand G~3~T. Atom H1 is representing the hydrogen atom of E286.](pone.0068565.g008){#pone-0068565-g008}

![The energy profile of *ab Initio* quantum chemical calculation obtained using the truncated model system for ligand G~3~T in the presence (blue curve) or absence (red curve) of MTHase.](pone.0068565.g009){#pone-0068565-g009}

![The transition state structure of hydrolysis of G~3~T in the absence of MTHase or in water molecules.\
Atoms O1, C1, and O2 represent respectively the oxygen atom of a water molecule and the carbon and oxygen atom of ligand G~3~T.](pone.0068565.g010){#pone-0068565-g010}

Discussion {#s4}
==========

As revealed by the energy profile ([Figure 9](#pone-0068565-g009){ref-type="fig"}) computed, the hydrolysis reaction catalyzed by MTHase on G~3~T was progressed through a typical S~N~2 mechanism. The TS of the reaction was generated as a tetrahedral structure ([Figure 8](#pone-0068565-g008){ref-type="fig"}). Upon nucleophilic attack from atom O1 of D255 on atom C1 of the ligand, the C1-O2 bond of ligand was breaking and atom H1 of E286 was then transferred to atom O2 of the ligand ([Figure 8](#pone-0068565-g008){ref-type="fig"}). Ligand G~3~T was eventually broken into two parts namely, an intermediate structure formed by D255 with some portion of the ligand through the O1 (D255)-C1 (ligand) linkage (the glycosyl-enzyme intermediate) and a departing glucose moiety ([Figure 8](#pone-0068565-g008){ref-type="fig"}). The activation energy of the reaction computed was 25 kcal/mol ([Figure 9](#pone-0068565-g009){ref-type="fig"}) which was very close to those (about 20 kcal/mol) have been reported for the same type of hydrolysis reactions [@pone.0068565-Saharay1]--[@pone.0068565-Mishra1]. Thus, this quantum chemical calculation further confirmed that the structure of MTHase-G~3~T complex theoretically constructed was correct. This may be also substantiated by the fact that in the absence of enzyme the same reaction would cost 30 kcal/mol more in activation energy to complete ([Figure 9](#pone-0068565-g009){ref-type="fig"}).

In this work, we have employed both experimental and theoretical methods to study the catalytic mechanism for the hydrolysis of trehalose from maltooligosyltrehalose by MTHase. We focused in particular on some residues of subsites −2 and −3 of the enzyme since these are not yet fully explored and the binding structure of the enzyme-ligand complex is still lacking. Residues that were suspected to be important in binding with ligand such as Y155, D156, H195, W218, R447, and E450 were mutated experimentally using the site-directed mutagenesis as well as theoretically using the alanine scanning technique implemented in the AMBER 11 package. Except ΔΔG of R447A computed through the alanine scanning was overestimated, most of the simulation results obtained were in good agreement with those determined by the site-directed mutagenesis. The overestimated free energy difference for R447 may be attributed to the fact that the corresponding solvation energy was overestimated. We suspected that in reality the nearby E450 residue may compensate for the R447A mutant since these two residues are very close to each other ([Figure 5](#pone-0068565-g005){ref-type="fig"}).

Our experimental and theoretical results also manifest the facts that residues Y155, H195, and W218 of subsites −2 and −3 may play an important role in interacting with ligand G~3~T. The success of the theoretical study may be ascribed to the facts that (i) the ligand was correctly placed inside the active site and (ii) the structure of protein-ligand complex constructed was appropriately refined through the MD simulation technique. The structure of protein-ligand complex theoretically constructed and refined was also validated through an *ab initio* quantum chemical calculation using the Gaussian09 package. A truncated model system was used in the *ab initio* quantum chemical calculation and the result gave an activation energy that was close to those reported in the literatures for the same type of hydrolysis reactions. These results show that it is feasible to use the combined computational techniques to predict the roles of some important residues involving in a complicated catalytic reaction like the one studied here.
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